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Introduction 

 theory plays a crucial role in the design of new materials used in 
heterogeneous catalysis  

 

 

 

 structure of materials (and active sites) 

 elucidate reaction mechanisms  

 models for screening of new catalysts  
(J. K. Nørskov, d-band position – oxygen 
binding – ORR activity)  

J. K. Nørskov et al. J. Phys, Chem. B, 2004, 108, 17886 
V. Stamenkovic et al. Angew. Chem. Int. Ed. 2006, 45, 2987 

oxygen reduction activity 
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significant cathode overpotential decreases the 
fuel cell electrical efficiency: 
 
overpotential of 500-600 meV - efficiency of 45-55 % 
compared to the theoretical thermodynamic efficiency of 93 % 
at 25 ̊C.  

Cyclic voltammograms and polarization curve of ORR on Pt3Fe 

slow kinetics of the oxygen reduction reaction (ORR) in acidic environment 

Motivation 
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 Reducing the ORR overpotential / cost: 

alloying platinum with  
platinum group metals 

 

 

 

nanostructures  
nanotubes and nanoparticles  

 
 
 
 
 

 
 
 
 
 

Pt3Ni(111) surface (6,6)@(13,13) MWPtNT nanotube  
2nm Pt201 cluster 

Motivation  

I. Matanovic et al, J. Phys. Chem. C 2011, 115, 10640 I. Matanovic et al, J. Phys. Chem. C 2012, 116, 16499 
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metal nanotubes, 2000’ 

 magic “structure” and conductance - nanoelectronics 

 Au, Ag nanotubes less then 2nm thickness have been synthesized by an electron-
beam technique in an UHV-TEM 

 

Kondo et al. Science, 289, 606 (2000) 



  

 

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy’s NNSA 

U N C L A S S I F I E D Slide 7 

platinum nanotubes, 2002 

     HR-TEM image of platinum nanotube 
          Y. Oshima et. al, Phys. Rev. B, 65, 121401 (2002)  

 Y. Oshima et all. Phys. Rev. B, 65, 121401 (2002)  

Pt nanotubes – 1.0 and 0.5 nm in diameter 
0.5 nm – six atomic rows coiling around tubes axes 
 1 nm   - 13-6 multishell structure 
 
 C. Koenigsmann, Nano Lett., 10, 2806 (2010) 

Pt nanowires with diameter of 1.5 nm 
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Pt nanotubes 

PtNT: Rolling-up Pt(111) sheet to form a tube 

mbnaR +=

ac = 3.70- 3.85  Å  

nmmnar c −+= 22

4
2
π

 rolling vector: 
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Pt nanotubes 
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Pt nanotubes + oxygen 

Adsorption energies in eV  and a shift in equilibrium adsorption potential  in V for oxygen on the fcc site for 
different nanotubes and coverages 



  

 

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy’s NNSA 

U N C L A S S I F I E D Slide 11 

Pt nanotubes + hydroxyl 

Adsorption energies in eV  and a shift in equilibrium adsorption potential  in V for hydroxyl on the atop site for 
different nanotubes and coverages 
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Pt nanotubes phase diagram 
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Dissociative oxygen reduction reaction (ORR) mechanism 

Figure: Free-energy diagrams for ORR over Pt(111) 
surfaces and SWPtNT for cell potentials U=0.80 V  

PtNTs, d ~ 1nm  

smaller ORR overpotential than 
Pt(111), up to 100 meV 



  

 

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy’s NNSA 

U N C L A S S I F I E D Slide 14 

Dissociative oxygen reduction reaction (ORR) mechanism 

Figure: Free-energy diagrams for ORR over Pt(111) 
surfaces and SWPtNT for cell potentials U=0.80 V  

  

C. Koenigsmann et al., Nano Lett., 2010, 10, 2806 – 
acid treated ultrathin platinum nanowires with d ~ 1nm 
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Platinum nanowires 

Adsorption energies in eV for oxygen and hydroxyl for some nanotubes and nanowires  
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Density of states  

 no correlation between the 
position of the center of the d-band 
and the oxygen/hydroxyl 
adsorption energies –  
effect of local environment of the 
adsorption site 
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Stability of the nanostructures 

What about the stability of these nanostructures? 

Electrochemical dissolution can severely decrease the performance of the 
material 
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Electrochemical dissolution 

MM)surface(M 1 +→ −NN

Estimate of the shift in the electrochemical dissolution potential 

Figure. Surface cohesive energy of atoms in (13,13) tube 

Table: surface cohesive energy of different tubes and the shift in 
the electrochemical  dissolution potential relative to Pt(111) 
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Pourbaix diagrams 

Calculated surface Pourbaix diagrams for Pt nanotubes 
compared to a bulk Pourbaix diagrams (black dashed lines) 
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ab initio MD simulations in water  

characterize change of atomic and electronic structure on solvation  
structure of water around curved surfaces - water-surface interface models 

~800 atom cell, 1300 MD steps 
in 24h, 480 processors, average 
~1min/step 

(6,6) and                                   (13,13) SWPtNT in water 

 small nanotubes in water 
collapse to non-hollow structures, 
larger nanotubes stable - gas 
phase structure remains 
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20 Å length tube, d=10.9 Å  in a 30 Å length 
simulation box  
 
bigger tubes accommodate water and ORR 
intermediates  

ab initio MD simulations in water  
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 smaller nanotubes (~0.5 nm) bind oxygen/hydroxyl more strongly than Pt 
  larger nanotubes (~1 nm) bind oxygen/hydroxyl comparable or weaker than Pt 

  reduced ORR overpotential – NT and NWs with diameter > 1nm  

 control size/chirality – fine tuning of reactivity  → separation of metal nanotubes 
by geometric specification or size 

 potential corrosion problem - all studied nanotubes more susceptible to 
electrochemical dissolution than Pt - key property of NWs determining the critical 
thickness with dissolution potential lower than Pt 

 
 
 

Conclusions  

Slide 22 
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Reactions connecting different states of the metal surface(*) in the ORR mechanism 

Methodology - study of ORR mechanism 

Free gibbs energy of the reactions (Norskov et al. J. Phys. Chem. B 2006, 110, 21833 ) 

 relative to the standard 
hydrogen electrode 

e-+H+(aq) = 1/2H2(g) 

 bias effect correction for the free 
energy of H+ 

  



  

 

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy’s NNSA 

U N C L A S S I F I E D Slide 25 

carbon nanotubes, 90’ 

AFM probe tips 

DNA sequencing 

(bio)sensing, imaging, nanoelectronics 
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MM)surface(M 1 +→ −NN

Estimate of the shift in the electrochemical dissolution potential 

Figure. Surface cohesive energy of atoms in (12,12) tube 

Table: surface cohesive energy of different tubes and the shift in 
the electrochemical  dissolution potential relative to Pt(111) 

Electrochemical dissolution 
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Introduction

		 theory plays a crucial role in the design of new materials used in heterogeneous catalysis 











		 structure of materials (and active sites)



		 elucidate reaction mechanisms 



		 models for screening of new catalysts 



(J. K. Nørskov, d-band position – oxygen binding – ORR activity) 

J. K. Nørskov et al. J. Phys, Chem. B, 2004, 108, 17886

V. Stamenkovic et al. Angew. Chem. Int. Ed. 2006, 45, 2987

oxygen reduction activity
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significant cathode overpotential decreases the fuel cell electrical efficiency:



overpotential of 500-600 meV - efficiency of 45-55 % compared to the theoretical thermodynamic efficiency of 93 % at 25 ̊C. 

Cyclic voltammograms and polarization curve of ORR on Pt3Fe

slow kinetics of the oxygen reduction reaction (ORR) in acidic environment

Motivation
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 Reducing the ORR overpotential / cost:

alloying platinum with 

platinum group metals





nanostructures 

nanotubes and nanoparticles 























Pt3Ni(111) surface

(6,6)@(13,13) MWPtNT nanotube 

2nm Pt201 cluster

Motivation 

I. Matanovic et al, J. Phys. Chem. C 2011, 115, 10640

I. Matanovic et al, J. Phys. Chem. C 2012, 116, 16499
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metal nanotubes, 2000’

		 magic “structure” and conductance - nanoelectronics

		 Au, Ag nanotubes less then 2nm thickness have been synthesized by an electron-beam technique in an UHV-TEM



Kondo et al. Science, 289, 606 (2000)
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platinum nanotubes, 2002

     HR-TEM image of platinum nanotube

          Y. Oshima et. al, Phys. Rev. B, 65, 121401 (2002) 

		 Y. Oshima et all. Phys. Rev. B, 65, 121401 (2002) 



Pt nanotubes – 1.0 and 0.5 nm in diameter

0.5 nm – six atomic rows coiling around tubes axes

 1 nm   - 13-6 multishell structure

		 C. Koenigsmann, Nano Lett., 10, 2806 (2010)



Pt nanowires with diameter of 1.5 nm
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Pt nanotubes

PtNT: Rolling-up Pt(111) sheet to form a tube

ac = 3.70- 3.85  Å 

 rolling vector:
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Pt nanotubes
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Pt nanotubes + oxygen

Adsorption energies in eV  and a shift in equilibrium adsorption potential  in V for oxygen on the fcc site for different nanotubes and coverages
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Pt nanotubes + hydroxyl

Adsorption energies in eV  and a shift in equilibrium adsorption potential  in V for hydroxyl on the atop site for different nanotubes and coverages
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Pt nanotubes phase diagram
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Dissociative oxygen reduction reaction (ORR) mechanism

Figure: Free-energy diagrams for ORR over Pt(111) surfaces and SWPtNT for cell potentials U=0.80 V 

PtNTs, d ~ 1nm 

smaller ORR overpotential than Pt(111), up to 100 meV
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Dissociative oxygen reduction reaction (ORR) mechanism

Figure: Free-energy diagrams for ORR over Pt(111) surfaces and SWPtNT for cell potentials U=0.80 V 









C. Koenigsmann et al., Nano Lett., 2010, 10, 2806 – acid treated ultrathin platinum nanowires with d ~ 1nm
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Platinum nanowires

Adsorption energies in eV for oxygen and hydroxyl for some nanotubes and nanowires 
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Density of states 

		 no correlation between the position of the center of the d-band and the oxygen/hydroxyl adsorption energies – 



effect of local environment of the adsorption site
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Stability of the nanostructures

What about the stability of these nanostructures?

Electrochemical dissolution can severely decrease the performance of the material
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Electrochemical dissolution

Estimate of the shift in the electrochemical dissolution potential

Figure. Surface cohesive energy of atoms in (13,13) tube

Table: surface cohesive energy of different tubes and the shift in the electrochemical  dissolution potential relative to Pt(111)
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Pourbaix diagrams

Calculated surface Pourbaix diagrams for Pt nanotubes compared to a bulk Pourbaix diagrams (black dashed lines)
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ab initio MD simulations in water 

characterize change of atomic and electronic structure on solvation 

structure of water around curved surfaces - water-surface interface models

~800 atom cell, 1300 MD steps in 24h, 480 processors, average ~1min/step

(6,6) and                                   (13,13) SWPtNT in water

		 small nanotubes in water collapse to non-hollow structures, larger nanotubes stable - gas phase structure remains
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20 Å length tube, d=10.9 Å  in a 30 Å length simulation box 



bigger tubes accommodate water and ORR intermediates 

ab initio MD simulations in water 
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		 smaller nanotubes (~0.5 nm) bind oxygen/hydroxyl more strongly than Pt



  larger nanotubes (~1 nm) bind oxygen/hydroxyl comparable or weaker than Pt

  reduced ORR overpotential – NT and NWs with diameter > 1nm 

		 control size/chirality – fine tuning of reactivity  → separation of metal nanotubes by geometric specification or size

		 potential corrosion problem - all studied nanotubes more susceptible to electrochemical dissolution than Pt - key property of NWs determining the critical thickness with dissolution potential lower than Pt







Conclusions 
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Reactions connecting different states of the metal surface(*) in the ORR mechanism

Methodology - study of ORR mechanism

Free gibbs energy of the reactions (Norskov et al. J. Phys. Chem. B 2006, 110, 21833 )





relative to the standard hydrogen electrode

e-+H+(aq) = 1/2H2(g)

 bias effect

correction for the free energy of H+
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Estimate of the shift in the electrochemical dissolution potential

Figure. Surface cohesive energy of atoms in (12,12) tube

Table: surface cohesive energy of different tubes and the shift in the electrochemical  dissolution potential relative to Pt(111)

Electrochemical dissolution
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